


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1971 


A study of the wake region of the flow of 
dilute polymer solution about circular cylinders. 


Schimmels, John Norman 


Monterey, California ; Naval Postgraduate School 


http://ndl.handle.net/10945/15927 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 








NAVAL POSTGRADUATE SCHOOL 


Monterey, Galifornia 





THESIS 


eee el nis WAKE REGION 





Tome Oe LET E POLYMER SOLUTION 


PoOUINGIRGULAR CYLINDERS 


by 


John Norman Schimmels 
dD 


Thesis Advisor: Tt. Me Houlihan 


December 1971 


Aaproved for public release; distribution unlimcied. 





A Study of the Wake Region 
Sieene Elow of Dilute Polymer Solution 


aboeue, Ciremlar Cylinders 


by 


John Norman Schimmels 
Ensign, United States Navy 
Do vamatetre Mnayersity, 1970 


SMpimercainm Ppareial fulfillment of the 
BeiMimachentoutOnwtne deornee of 


Moree Or es ClENCE IN MECHANICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1971 





ABSTRACT 


imeem dhesreco1om of the flow of dilute polymer solution 
Peomteasctrcular cylinder was studied. Polyox WSR-301 at a 
GEencentration of 25 WPPM was dissolved in tap water. The 
investigation was performed in the drag transition flow 
feoowme. lurbulence intensity, wake width, microscale of 
Muotence and frequency spectra were measured at various 
points in the wake region of water flow and polymer solution 
flow. 

iiempolmmeneadditive Stippressed turbulence intensity 
Seesaae the wake and caused a corresponding increase in the 
wake core. The effect was dependent upon degradation, and 
feomoras Number. Frequency spectra were also suppressed. 
The amount of suppression was dependent upon degradation, 
Reynolds Number and distance from the wake center. Micro- 
scale was reduced outside the wake, as a function of degrada- 
tion only. Wake width was reduced, dependent upon degradation 
and Reynolds Number. Results indicated a premature transition 


which was dependent upon the above factors. 
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PNT RODUCT ION 


A. ORIENTATION 

fiiemcie meen 15 constantly “searching for a bargain" at 
Mature's bartering table. Invariably, he comes away with less 
Pianieie went in With, for nature is a ruthless bargainer. 
However, through innovative thinking, the engineer has often 
becimanle to reduce his losses to nature. The so-called ''Toms' 
ieecect mas proved to be an example. In 1948, Toms [Ref. 1] 
discovered that a dilute solution of polymer in a Newtonian 
Pmmvenlteareatly reduced frictional drag in internal turbulent 
flow. Since that time, a considerable amount of research 
has been undertaken in the field of fluid dynamics, for the 
PrBose Or Optimizing the efficiency of submersible propulsion 
Systems through drag reduction. 

Groatestriaes have been made in the study of internal 
flow drag reduction. However, a relatively sparse amount of 
information is presently available concerning external flow 
behavior of such solutions. 

Tie rheological effects of polymer additives have been 
studied extensively. It has been found that polymer addi- 
tives impart a degree of viscoelasticity to a Newtonian 
solvent, which is dependent upon concentration. This effect 
is due to the high degree of flexibility of the polymer mole- 
cule. The solutions have also been found to be time-dependent. 


Under any imposed shearing action, the high molecular weight, 
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home chdin polymer molecules are torn apart, and eventually 
Pesce etehneiy drag-reducing capabilities. This phenomenon is 
referred to as solution degradation. These additional solu- 
tion parameters, concentration and degradation, add to the 


already complex nature of the study of external flow. 


B. SYNOPSIS OF PREVIOUS WORKS IN EXTERNAL POLYMER 
SOLUTION FLOWS 


It has long been known that the low pressure region behind 
bluff bodies is reduced as the boundary layer flow changes 
EoOMmebaminar to turbulent, at well-defined Reynolds Numbers. 
ittomrecaduction Of the low pressure region is accomplished by 
a momentum transfer to the fluid in the boundary layer. This 
enables the flow to advance farther against the adverse pres- 
Sure gradient before separation. Transition is accompanied 
MapeercCauetion Of drag, due to the increased pressure 
Reeovery . 

A number of researchers have reported drag reductions to 
varying extents, for various ranges of Reynolds Numbers, and 
for several basic geometries, with polymer solution flow. 
Prmexnaustive survey of this early work has been presented by 
ompeivaeand Raimey [Ref. 2]. 

Studies of the flow of polymer solution about circular 
cylinders have been performed by Sarpkaya and Rainey [Ref. 2] 
and Kell [Ref. 3]. Sarpkaya and Rainey reported a premature 
transition from laminar to turbulent boundary layer character- 


istics with polymer solution flow. Drag was measured directly 
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and was found to decrease in this flow region. The change in 
meansition Was attributed to two effects. The first was a 
roughening effect by which a continuous transition was observed, 
Similar to the effect observed with roughened cylinders. The 
eecona Was a drag crisis or tripping wire effect, which was 
meet ved at a certain flow condition and degradation state of 
miensOlutTON. 

Pere pouted the same reduction of drag in the transition 
Peclas Number region, and further studied the effect of 
polymer solution on the Strouhal frequency. No change was 
observed in the characteristic Strouhal frequency, but a 
Pemeral suppression of the frequency spectrum obtained at 
120° from the forward stagnation point on the cylinder surface 
was noted. 

Rowiurskre| Ret. 4) Studied the effect of dilute polymer 
meson anjection into the boundary layer in open channel 
flow. He noted energy spectrum changes and a large reduction 
meoevtseous dissipation due to the additive. He also noted 
that the additive was most effective near the position of 
Maximum turbulence production in the boundary layer, that is, 
the separation point. His studies were performed with fresh 
solutions only. 

Several theories have been offered to explain the effects 
of polymer additives. Patterson [Ref. 5] summarized them as 


mOsLoOW Ss: 
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mw ccesacion Theory 


eimicecens OL polymer molecules in a Ellow have a 
meancing eifect upon the intensity of shear layers. This 
retarding effect 1s accomplished by an exchange of momentum 
menial to the shear layers. 

2. Anisotropic Viscosity Theory 

This theory suggests that the long, chain-like mole- 
cules align themselves with the direction of shear, and reduce 
eieemomentum transfer normal to the direction of shear. Due 
bo, this preferred alignment, the viscosity is found to be 
aim sO tropic. 

Peay iscOclastic Theories 

a. the polymer molecule coil has associated with it 
Mmemindeterrmstie relaxation time. For processes with a 
Sierter time Scale, the molecule has solid-like behavior. 

b. The flexibility of the polymer molecule provides 
miemmpalymer Coll with an elastic capability. This results in 
Maemabscotpcton, Storage, and release of energy, depending 
upon influences of the surrounding fluid. 

Werwucteherteetive (lensile) Viscosity Theory 

Due to large polymer molecule deformations, a high 
effective viscosity is observed in an irrotational strain 
/mcwdemeelt is surmised that drag reduction is directly 
mebkated to this effect. 

Since these theories were Bien ied by Patterson, 
several more recent works have provided the basis for the 


fomhowime theories . 
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5. The Entanglement Hypothesis 
This theory was proposed by Kowalski [Ref. 4] in 


Conjunction with his studies. He suggested that drag reduc- 
mem 1s accomplished via the interaction of networks of 
Wemeyiner molecules, these networks are of the same order as 
the dissipative eddies of the flow field. 

6. ohear Wave Theories 

a. Sarpkaya and Rainey [Ref. 2] suggested that a 
mace critical shear wave speed was the fundamental property 
Dplemechangpes the characteristics of the flow. It is through 
this parameter that a hydro-polymeric boundary layer results, 
Vetemecontrols the transition characteristics of the flow. 

b. Tulin [Ref. 6] suggested that dilute polymer 
Pemmitlons exhibited a frequency-dependent shear stiffness. 
pieamewaves due to this shear rigidity are produced by turbu- 
iemeewin Shear flow. There is a direct conversion of turbu- 
lence energy into shear wave energy. This effectively 
iieme-circwits’ the usual process of scale reduction through 
milenrtial interactions. 

Because of the diversity of the studies from which these 
theories were deduced, and the complex nature of the problen, 
aesatistactory theory has not yet been presented to explain 


all of the apparent anomalies. 


C. SYNOPSIS OF PREVIOUS WORK: WAKE OF FLOW ABOUT 
CIRCULAR CYLINDERS 


Very little quantitative work has been reported in the 


wake region of the flow about circular cylinders. The 
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complex nature of the wake flow has thus far defied any sort 
@eeanalytical approach. The subtle effects of the end condi- 
moon tcot Section Seometries, test specimen surface conditions 
and a host of other elusive parameters render test conditions 
mipeh are uncontrollable to some extent. However, a great 

deal of knowledge of the wake region has been obtained, quali- 
meively speaking. Anvexcellent survey of early «work was 
muecsented by Goldstein [Ref. 7]. 

Mimosoeekosenhead (Ref, 8], realizing that the brilliant 
contributions of von Karm4n and Foppl were by no means a conm- 
plete explanation of vortex shedding phenomena, suggested an 
investigation of vortex systems in terms of rates of genera- 
tion and dissipation of vorticity. 

umpimeys (Ref. 9} studied the flow about a circular 
cylinder at transition Reynolds numbers. He stressed the 
miper tance Of End conditions in the assumption of two- 
dimensionality. In this flow regime, he observed a spanwise 
Coemimibar Structure on the cylinder surface. This structure 
Was periodic in nature and swept across the cylinder in the 
Spanwise direction. He further noted that the structure 
became increasingly noticeable as the transition was approached. 
emueported a Spanwise cell length of 1.4 to 1.7 diameters. 

The three-dimensionality of bluff body flow has been noted 
by several other experimenters. Schmidt [Ref. 10] found span- 
Tesemecouselations for the flow about a circular cylinder. 


Keefe [Ref. 11] found that end conditions strongly influenced 
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the magnitude of fluctuating lift and drag forces acting 
ioeme a circular cylinder. 

Prendergast [Ref. 12] made surface pressure and velocity 
momnoleatrOn measurements on the surface of a circular cylinder, 
between Reynolds Numbers of 20,000 and 100,000. Measurements 
Vemermade at the side and rear of the cylinder. The correla- 
foe Length, defined as the area under the correlation 
Seeaitetent Curve versus probe spacing, was found to be 3.5 
aeaame ters at the side, but only 1.0 diameter at the rear. 
meee roudi |Ref. 13] also studied two-point correlations 
at the side of the cylinder with hot-wire techniques. He 
found correlation lengths which were 30% to 80% higher than 
MPmemdercast's. Differences were attributed to end effects. 

The actual wake region away from the cylinder surface has 
been studied by several researchers. In 1948, Kovasznay [Ref. 
14] used hot-wire anemometry techniques to study the vortex 
shedding phenomenon at low Reynolds Numbers. In the Reynolds 
Momben range 40 to 160, he noted that vortices were not shed 
Gemcetly trem the cylinder, but formed some distance downstream 
in the wake. 

Bloor [Ref. 15] also used hot-wire anemometry to study 
the positions of the onset of turbulence in the wake, and the 
mode of the transition. Studies were made in the Reynolds 
Number range 1,300 to 45,000. She found that in the lower 
range, the region of turbulence moved closer to the cylinder 
with increasing Reynolds Number. She also noted that the 


manner of transition underwent a basic change as the region 
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of transition moved from the periodic wake into the region 
immediately behind the cylinder, where the separated layers 
Maaenot yet rolled into vortices. She suggested that transi- 
tion to turbulence in the periodic wake was a result of the 
distortion due to three-dimensional effects. At the higher 
Reynolds Numbers, however, transition to turbulence occurred 
immediately behind the cylinder via two-dimensional Tollmien- 
schlichting waves, which she called transition waves. She 
Misomstudied the length of the formation region, which was 
defined as the downstream length at which low frequency 
irregularities in the wake were suddenly reduced. This signi- 
fied the initiation of periodicity, as the shear layers rolled 
Deermee vortices. She observed that the formation region 
Pmierly approached the Separation point on the cylinder surface 
as the Reynolds Number increased to the pre-transition range. 
meevids also Observed that as the hot-wire was moved closer 
to the wake center, shedding frequency amplitude gradually 
increased. The edge of the wake was defined as that point 
aeevndeme there waS a jump in signal amplitude. For higher 
Reynolds Numbers, the wake width was determined from the point 
Merete frequency Spikes were first observed in the free 
shear layer, as the hot-wire was moved toward the center of 
the wake. 

Gerrard [Ref. 16] studied the flow past the circular 
cylinder in the Reynolds Number range 2,000 to 50,000. JHot- 
wire measurements were made near the shoulder of the cylinder. 


He noted the same transition waves as those observed by Bloor. 
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He further found that if the flow contained disturbances of 
Biemoame frequency aS the transition waves, a large increase 
feene tiwetuating velocity and the pressure coefficient was 
observed at the shoulder. 

Miedebater work, Gerrard [Ref. 17] further studied the 
wake flow behind circular cylinders in the Reynolds Number 
manee 15000 to 50,000. He proposed two characteristic lengths 
in the wake flow. The first was the formation region, le, 
which was similar to that defined by Bloor. The second was 
Paeedittusion Jength, L, which was a measure of the width to 
which the free shear layer diffused. 

He proposed that a certain amount of fluid was entrained 
by the rolling shear layer at the end of the formation region, 
and a certain amount was drawn into the formation region 
itself, every half cycle of the vortex shedding. He observed 
that as the Reynolds Number increased, the formation region 
aeeneascd, and the rate of entrainment of fluid by the rolling 
Shear layer increased. From the corresponding decrease of 
entrainment into the formation region, he reasoned that the 
frequency of vortex shedding would be reduced as Reynolds 
Number increased. He further found that the diffusion length, 
Mmmouatdeene Opposite effect on the Strouhal frequency. Thus, 
the frequency of vortex shedding was influenced by these two 
opposing effects. He offered this explanation for the con- 
Stancy of the Strouhal number in this flow regime. 

Roshko [Ref. 18] measured the drag Bene eieiont in the 


supercritical Reynolds Number range one million to ten million, 
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and found an increase from the lower supercritical value, at 
a Reynolds Number of 3.5 million. He also observed a return 
of periodic vortex shedding in the wake above this Reynolds 
Number. 

Paotimecirs Ais€ussion, 1£ 15 apparent that a thorough 
understanding of the wake region of the flow about circular 


cylinders is yet to be uncovered. 


PeeeObJIECTIVES OF THE EXPERIMENT 

tiiicsexperiment was performed to obtain the wake 
itdiadeceristics of the flow of dilute polymer solutions 
about a circular cylinder, at the Reynolds Numbers limited to 
Maemrance Detore, during and after the drag crisis region 
weserved by Sarpkaya and Rainey [{Ref. 2] and Kell [Ref. 3]. 
Measurements of turbulence intensity, wake width, microscale 
of turbulence and frequency spectra were to be compared 
between the wake flow of water and the wake flow of polymer 


Solution. 


Eee eEbI NITION OF MEASURED QUANTITIES 
imelurbulence Intensity 
Turbulence intensity, as defined by Dryden and Kuethe 
eam oie ts a measure of the violence or intensity of tur- 
Diletta thwectuations. The yelocity in a given direction of a 
flow can be characterized by two components, the mean velocity 
and the fluctuating velocity. This is represented by the 


folowing relation: 
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where U is the mean velocity component and u is the fluctuating 
Memoecity component. Turbulence intensity is defined by the 


feelLowing ratio: 


_ 
! 
sal he 


Piemesu 1S the root-mean-square of u. 

The measurement of these quantities through the use of 
hot-film anemometry is based upon the measurement of the 
Meat transfer rate from the hot sensor. The relation used 
for the calibration of the sensor, as developed by Hinze 


{Ref. 19], 1s stated as follows: 


y° = Vo" + BYU 


where V 1S the voltage across the Sensor, corresponding to a 
iron velocity U. as 1s the voltage across the sensor at zero 
flow velocity. Bis a constant which is dependent upon the 
sensitivity of the sensor. 

Eiieseurbulence intensity as a function of voltage Signals 


can be derived from these relations, the end result being the 


following: 
: Ae Ice! 
fos m 
U (v2-v7) 
m oO 


where es is the D. C. level of the sensor signal in volts and 
e' is the root-mean-square of the fluctuating component of 
icmsensor Silenal in volts. 

The turbulence intensity in the longitudinal direction 
iPemelcmeleweticld, that 18, parallel to the free stream flow 


direction, was measured in all phases of the investigation. 
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weeeteeroscale of Turbulence 
The microscale of turbulence, as defined by Hinze 

Here lJ}; 1S a measure of the average dimension of the 
Smallest eddies in a flow field. This quantity is also 
eemebea the “dissipation scale,"' since it represents a measure 
Of the eddies which are primarily responsible for the dissi- 
pemeenwor kinetic energy into heat. The relationship 
defining the longitudinal microscale of turbulence is derived 
maometie Longitudinal correlation coefficient and is developed 
meeye Dy Hinze. With the assumption that Taylor's hypothesis 


Pe wereatepollts Of interest, the definition reduces to the 


Pom lOwlneg : 
2. 1 (Bu)? 
2 ee dt 
Ae U~u 
where he Piece bonmertudimal microscale of turbulence. The 


above relation is valid only if the flow field is homogeneous 
with a constant mean velocity. These restraints limit the 
apmreabrirty of the relation to the discrete points outside 
Miempertledrce wake, where a long-time average of the mean 
Meloeley ©ES fot necessary. 

iteemlerosecale as a function of sensor voltage signals 


can be derived from the above relations to the following: 
Le = Ex et x (v2 - 92) 7p? Aly’ 
eo ae m O ae 


where (dV/dt)' is the root-mean-square of the differentiated 
Sensem sienal. The longitudinal microscale of turbulence was 


measured in this investigation. 
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ie eEOUUPEENT AND PROCEDURE 


Eee EQUIPMENT 
1. NPS Water Tunnel 

ihe experiments were performed in a recirculating 
water tunnel (Fig. 1) which had a capacity of approximately 
500 gallons. The galvanized test section was four inches 
Paieenecrpht inches high, and sixteen inches long. A low-rpn, 
high-capacity, fourteen-inch-diameter-discharge centrifugal 
puumpevasetised to circulate the fluid through the test section 
muevelocities ranging from five to twenty-five fps. The 
iimemredam section of the tunnel, having been previously modi- 
fied with the addition of three flow straighteners, provided 
a test section velocity profile which was uniform in both 
mean velocity and turbulence intensity. 

Associated with the tunnel are a 150-gallon stainless 
steel storage tank, a small recirculating pump filter system, 
and a 15-gallon head tank. 

Poles opecimens 

Serenlanecwlinders: (fie. 2) of 3/4 inch, one inch, 
and 1-1/2 inch diameter were used as the test specimens. 
The cylinders were made of plexiglass and were located in 
the center of the test section, perpendicular to the flow 
field. The cylinders were mounted in place through the 
plexiglass side walls of the test section, with O-ring type 
seals at each end. The cylinder could then be rotated 


through 360° if necessary. The cylinder was held rigidly 
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eeiendesired position with a bolt which was fastened to the 
Suiside of the test section wall. 

Forward stagnation pressure measurements on the 
wieiace Of the cylinders were taken at midspan. A small 
1/32 inch diameter hole was drilled radially into the cylinder, 
womeelarger 1/8 inch diameter hole, which was drilled axially 
into the cylinder. The larger hole extended to the end of 
the cylinder, making the pressure signal easily accessible. 
Static pressure was measured with a pressure tap on the test 
fweetron wall, near the entrance to the test section. 

iiiemene=inenm diameter plexiglass cylinder was used for 
Moommlek OL the Experimentation, since it provided an excellent 
Reynolds Number range, which was limited by the range of test 
section velocities attainable. The 3/4 inch cylinder was 
Meeamonly to measure forward stagnation pressure in experiments 
to determine the turbulence intensity of the flow field at 
the entrance of the test section. The 1-1/2 inch diameter 
Seder was tound to be too large to accommodate the relative- 
ly small test section. Measurements in the wake of the 1-1/2 
inch diameter cylinder showed a substantial amount of wall 
interference at relatively small downstream location from the 
cylinder axis. The one-inch diameter cylinder proved to be 
the optimum size, for it provided the proper Reynolds Number 
range and did not enhance wall interference with the wake at 
moderate downstream locations. Thus, the one-inch diameter 
cylinder was used as the primary test specimen throughout the 


Experiment . 
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Bee oensor and Sensor Support 


iiwconvealwiot-tilm sensors with a right angle bend 
(Model 1231) were used throughout the experiment to measure 
fluctuating and mean components of velocity in the longitu- 
foeieesatrection. The eight-inch long cylindrical sensor 
Support was strengthened with a concentric 1/4 inch diameter 
Seaimvess steel tube which provided the sensor with stability 
feels transverse positions in the wake flow. A small plexi- 
glass splitter plate was also mounted on the rear of the sensor 
Geeta Ine splitter plate effectively broke the vortices 
Siieaaine Ott the rear of the sensor. This gave the sensor 
fimeritere stability and strength (Fig. 3). 

Through the course of the experimentation it was 
iiem@esccdry to use a number of sensors, due to the relatively 
Short life expectancy of each sensor, and the lengthy test 
procedure. 

The sensor and sensor support unit extended through 
MicmEOneOr bDOLtom Of the test Section via several plexiglass 
piiccmmevitcn were +t1tted to mount flush on the interior wall 
mecomiestescetion (Fig. 4). Three plugs were made for the 
UGpmetmtne test Section and were placed at distances of two 
Mieieswes-l/2Z inches, and five inches downstream of the longi- 
Miami xts Of the cylinder, One plug was made for the bottom 
of the test section and was placed at a distance of 1-1/2 
inches from the longitudinal axis of the cylinder. A small- 
clearance hole was drilled in each plug through which the 


sensor support was extended. The plugs were sealed with 
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O-ring type seals. The sensor support was then fastened to 
an aluminum traversing mechanism which was bolted to the 
top or bottom of the test section. The sensor was moved 
jmemoversely across the flow field by this means. 

lit’smscot=p provided the sensor with a range of 
Peemrvonueextending from +2.5 inches from the center of the 
Peemesection at minimum extension to -1.25 inches from the 
Gemect Of the test section at maximum extension. 

several experimenters in the past have reported 
anomalous hot-film measurements in dilute polymer solution. 
Metzner and Astarita [Ref. 20] found the convection coefficient 
Gumememsocioor, f, to be independent of free stream flow 
eomecaty above a Critical velocity. The effect was attributed 
Gemoamlavyer Of Stagpnant fluid on the tip of the probe. Their 
data were obtained using cylindrical sensors. Smith, 
Merrill, Mickley and Virk [Ref. 21] also reported a change 
ieerenicat transter characteristics of a hot-film cylinder 
iembite polymer solution. the heat transfer was found to 
bPomemeumetion of mean velocity, the molecular weight of the 
pos memesandsthe polymer concentration. 

Preliminary investigations concerning the feasibility 
Cuempiemucenot Gonical hot-film sensors were performed. All 
Galiueaiaons of the conical hot-film sensors showed excellent 
response in both water and dilute polymer solution for the 
Hitmmamee of test Section velocities. No change of the 


heat transfer characteristics of the sensor was found. 
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Figure 2: PLEXIGLASS CYLINDER 
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fw lastrumentcation 

Differential pressure measurements were effected 
with a Pace pressure transducer (Model P70) having a range 
of zero to six psig. The signal was amplified and recorded 
on a Hewlett-Packard strip chart recorder (Model 7702B). 

A TSI Constant Temperature-Type Anemometer Unit 
(Model 1050) was used in conjunction wien the hot-f1lm 
probes. The anemometer unit was set to provide a high 
mmeamency cut-off at 2,000 cps. The bridge output of the 
unit was fed to a Simpson digital voltmeter (Model 2700), 
from which the mean velocity component of the signal was 
extracted. The output was also Dapademo led tomam hod KMS 
Voltmeter (Model 1060) with a three-seconda time constant 
from which the RMS of the fluctuating component of velocity 
was extracted. Upon calibration of the probe, eine sic 
signals were used to calculate the turbulence intensity of 
the flow. The sensor signal was constantly monitored on 
a Textronix Oscilloscope (Model 531). The sensor signal 
was also amplified by a Keithley Amplifier (Model 103) 
to either 100X or 1,000X, with a low and icine quleney Cure 
poem and) 1,000 cps, respectively. The amplified signal 
was the input to one channel of a Hewlett-Packard Instrumenta- 
tion Tape Recorder (Model 3960). The output of the recorder 
was constantly monitored on the second channel of the oscillo- 
scope, and further checked for the proper amplification with 


a Hewlett-Packard RMS Voltmeter (Model SALON) 
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Microscale measurements were obtained by feeding 
the bridge output signal of the anemometer unit to a 
Flow Corporation Sum-Difference Differentiator Unit (Model 
900-6), from which the derivative (with respect to time) of 
the sensor signal was obtained. This signal was fed to a 
TSI RMS Voltmeter (Model 1060), and to another Keithley 
Amplifier with a low and high cut-off of .1 and 1,000 cps, 
respectively. This signal was constantly monitored on 
another Textronix oscilloscope and provided the input to 
a second channel of the tape recorder. Again, the output 
of the tape was monitored on the second channel of the 
oscilloscope, and also checked for proper amplification with 
another Hewlett-Packard RMS Voltmeter (Model 3400A). A 
schematic of this system is presented in Fig. 5. 

Frequency spectrum measurements were made by band 
passing the taped hot-film sensor signal through a Krohn- 
Hite Band Pass Filter (Model 3750). The filtered signal 
was fed to a TSI RMS Voltmeter (Model 1060) with a time 
Sostant of three seconds. 

Saeehunbubent Pipe Rheometer 

As has been done by previous experimenters, the 
disposition of the polymer solution being tested was 
characterized by its ability to reduce pressure loss in 
turbulent pipe flow. The turbulent pipe flow rheometer 
unit consisted of a .073-inch inside diameter stainless 
steel pipe, which was mounted vertically. A 100 cc graduated 


syringe was connected to the lower end of the pipe. A glass 
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reservoir was connected to the top end an varrable Speed 
motor produced the input torque to a worm-gear box which 
Merced the fluid in the syringe through the pipe. Two 
pressure taps were placed six inches apart on the length 
of the pipe, and the pressure loss was measured with a Pace 
transducer. The signal was amplified and recorded on a 
Hewlett-Packard strip chart recorder. The Reynolds Number 
of the pipe flow was in the range 5000-5500. 
6. Polymer Additive 

Polyox WSR-501, rice leorsewas used in all of the 
experiments. This polyethylene-oxide additive is produced 
by Union-Carbide. Polyox is a water soluble resin with a 


molecular weight of approximately five million [Ref. 22]. 


B. PROCEDURE 
1. Rheometer Operation 

The fluid to be tested was poured into the top 
reservoir and allowed to fill the whole system. The syringe 
plunger was then slowly lowered to slightly below the 100 "EE 
level, drawing in fluid as it was lowered. The variable 
speed motor was then started at a pre-selected speed by 
closing a relay. When the syringe plunger had reached the 
100 cc level, an electric timer was activated. The time 
elapsed for the flow of 80 cc of fluid through the pipe 
was measured by instantaneously stopping the timer and the 
motor when the plunger had reached the 20 cc level. 

The pressure drop and elapsed time were meecoracd 


and used to calculate the pipe friction factor. Values of 
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the Fanning friction factor for water flow were used as a 
basis for comparison with polymer solution flow at the same 
Beynolds Number. Thus, the Fanning friction factor for 
water, fs was first obtained as a function of Reynolds 
Number. Subsequent tests of the polymer solution were run 
mcmconsequent pressure drops were obtained. From this data, 
pewter iction factor for polymer solution was ebtained. The 


Pemeemt Pape Drag Reduction (P.D.R.) of the polymer solution 


Hetative to laminar flow was then calculated. 
Peake = 100X (ft, - £)/(f, - 64/Re) 


iiespolymer solutions were tested at a Reynolds Number of 
approximately 5,000. The Reynolds Number was always based 
omerie YisGOSIty of water at ambient temperature. 

pamples of the test fluid were drawn from the tunnel 
Memone eVery traverse of the flow field at a given Reynolds 
Mimeper. corresponding to an elapsed running time of 10-15 
minutes. Ample quantity was withdrawn to allow one flush 
Dougie ithe rheometer and three test runs. A sample was 
run only once, then discarded. The PDR was then calculated 
fOumerchmtest run, and the average of the three runs was 
HMocadmasetme PDR for the given traverse. 

Meee mepanation Of Test Fluid 

noone padeas could be wtaken at all, 1t was 
necessary to filter fresh tap water for at least eight hours. 
The water seemed to contain an incredibly large amount of 


foreign material, the source of which remains unknown, It 
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meemmcecessary to change filters in the filtering system 
eeeorecacm fresh input. More significant, however, is the 
fact that the addition of polymer to fresh, unfiltered 
water provided ROI Ieclp espa drag redwetronm, The initial 
pipe drag reduction capabilities of a solution increased 
peoportionally to the time fresh water was filtered prior 
omeme addition of polymer. More than eight hours of prior 
meleering caused no change in the initial PDR of the solution, 
imemeeme iresh solution reached an expected value of 80% PDR. 

The polymer solution was prepared by the same procedure 
Pemitieprevi0us investigations |Ref. 2]. The desired amount 
Smepolymer was weighed out on a laboratory scale, +.05 gm. 
Merri tests, a 25 weight-part-per-million ({WPPM) solution was 
Peo lne tevyel in the tunnel was then dropped to below the 
@lecneOr the test section. The water was displaced to the 
Peeraecetank, the pump was then turned on to its lowest 
speed, and the polymer was slowly sprinkled into the water. 
Upon completion, the water in the storage tank was pumped 
back into the tunnel. The pump was then turned on, and 
Eeltovecamto mix the solution for five minutes. The pump was 
then shut down, and the solution was aged for approximately 
Zeenrours before any tests were run. 

MeGcmmcnemsolution had degraded to zero PDR, the 
tinmelewas emptied and flushed twice before refilling. Prior 
to taking water data, the tunnel was chemically treated with 


potassium bicarbonate and allowed to sit for 72 hours. 
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feeetunne! Correction Factors 
Tunnel correction factors for solid blockage and 
wake effects were applied to all stagnation pressure measure- 
ments to obtain the actual free stream velocity in the test 
foeeron. the total correction factor (e,) was calculated 
from 


Z 


Sec d 
e, = => is 


2 
t ~ 12 


* 5 (RD Cg 
where : is the ratio of cylinder diameter to test section 
meaent, and Ca PSmrilemarag GOCtricient Of the cylinder. 
iit matac cOctricient of the cylinder was obtained from the 
data of Sarpkaya and Rainey [Ref. 2], since no direct drag 
measurements were made in this experiment. 

The actual free stream velocity in the test section 


was then obtained from 
UP = Vibes e,) 


where V is the free stream velocity calculated from the 
Geasumements Of forward stagnation pressure on the cylinder 
Wi tace . 
waeelcrinrtti1on of Coordinate Axes 
Throughout the experiment, all positions of the 
sensor were referenced to the coordinate system shown in 
Fig. 6. All X-coordinates and Y-coordinates presented here 
meremeto this system. 
5. Measurement of Tunnel Turbulence Intensity 
The turbulence intensity of the tunnel flow field 


with water was measured at the location -3.5 X/DIAM, in front 
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Someme o/4 anch circular cylinder. The cylinder was placed 
Mmiene tunnel for the purposes of calibration of the hot- 
meniesensor. ithe pressure difference between forward stagna- 
tion pressure and tunnel static pressure was measured to 
a@etermine tunnel mean velocity. This method of calibration 
Was uSed in preference to a Pitot tube, since it was found 
in previous experiments that the pressure anomaly common 
to dilute, high molecular weight solutions could be circumn- 
feomrca by USing a velocity probe with a large radius [{Ref. 2]. 

iMiemelrbiulence Intensity of the flow field was 
faewieeterOnerive mean tunnel velocities: 6.3 fps; 9.9 fps; 
weeps: 14.5 fos; and 18.5 fps. The hot-film sensor was 
iemeecmeransversSely across the flow field. Measurements of 
mtomrerce scomponent and the RMS of the A. C. component of 
B@emsensor Signal, corresponding to the mean component of 
Boalgetiveana the fluctuating component of velocity, respective- 
Ipeeewere recorded at intervals of 0.25 in the transverse 
mene Gctionm. t1rom *2.5 inches to -1.25 inches. 

iicmaunbilence intensity of the tunnel flow field 
with dilute polymer solution was determined in a similar 
manner, at the same sensor locations, for the range of 
@esradation States of the solution from 80% to 0% PDR. The 
tunnel was then emptied, flushed, and the same procedure was 
repeated with the sensor extending through the bottom of the 


test section. 
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6. Measurement of Turbulence Inbensityyor. the Fiow Field 
behind the One-Inch Cylinder 


The turbulence intensity profiles of water flow and 
polymer solution flow were measured in the wake and outside 
the wake of the one-inch diameter cylinder for Reynolds 
hommens of $0,000, 100,000, 120,000, and 140,000. Traverses 
of the flow field were made with the hot-film sensor at 
X 


—— and +1.5 DIAM’ These positions 


were chosen for several reasons. It was found in preliminary 


Pets positions of +1.0 


runs that a sensor position further downstream provided 
little interpretable data due to tunnel wall interference 
with the wake. It was also determined that at the closest 
position of +1.0 X/DIAM, the presence of the sensor and 

its support displayed no measurable interference with the 
Pmesoute Signal on the surface of the cylinder with the 

port having been rotated 120° from the forward stagnation 
point. The signal was the same with the sensor in the flow 
field as without it, at all transverse positions of the 
sensor. There was further reason to believe that the region 
mmeatarely behind the cylinder would be of primary interest, 
because the apparent reduction in drag is essentially a 
BUnbEace etfect. 

Water data were Sbitamneapmien Co the polymer 
solution data. The sensor was iiteeahly milaced at da transverse 
Pecmtiomeot +2,5 1/DIAM. The tunnel was then turned on and 
off intermittently to allow the air trapped inside the tunnel 


Bomith@eewout vid the head tank. After the entrapped air 
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Peemnuemoved, the desired tunnel free stream velocity was 
Seainead £rom prévyious calculations. These calculations 
included solid blockage and wake effects. When the desired 
peeooure difference between static and stagnation pressure 
on the cylinder surface was obtained, the traverse of the 
meen icld was made. The D, C. level and the RMS level of 
the fluctuating component of sensor bridge output voltage 
was recorded, as the sensor was moved from the initial 
meamsverse position of +Z2.5 Y/DIAM to 0 Y/DIAM in intervals 
Ot) .25 Y/DIAM. The sensor bridge output signal was also 
mipeered and recorded on an instrumentation tape recorder. 
After each Reynolds Number run, the sensor was moved back to 
Miemimiittal position. Free stream velocity was then changed 
memmetne mext traverse. 

PwiGocmuEceanmdine tie described voltages, the point 
at which high frequency velocity spikes were first observed 
Silmene sensor oscilloscope trace was also recorded. Using 
imactimitions of wake width suggested by Bloor [Ref. 15], 
these observations provided a constant monitor of any macro- 
ecole cianges Occurring in the wake region. 

Polymer solution data were obtained in a similar 
manner. With the polymer solution flow, however, another 
fiatablewwas present due to the degradability of the solu- 
tion, namely, the PDR. Thus, a series of tests were made 
from an initially high PDR of approximately 80% to no measurable 
PDR of 03. A Sample was drawn from the tunnel prior to each 


Reynolds Number run and tested in the rheometer. ‘There were 
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four Reynolds Number runs to each test, and as many as fifteen 
Mewes DeLOre the solution registered 0% PDR. 
meeevicasurement of the Microscale of Turbulence 

The microscale of turbulence of the water flow and 
the polymer solution flow behind the one-inch diameter 
cylinder was determined for Reynolds Numbers of 80,000, 
muleewo, 20,000, and 140,000. Traverses of the flow field 
fegeemade at an X-axis position of +1.5 X/DIAM for the 
Pmewerously described transverse positions. The measurements 
were made simultaneously with the previously described 
Mianrence intensity measurements. The sensor bridge output 
fomease Was differentiated to obtain the required information. 
The differentiated signal was monitored and recorded on the 
Micrrumentation tape recorder. 

oe cecuency opectrum Measurements 

The frequency spectrum of the sensor signal was 
Seemed tor the flow of water and the flow of dilute polymer 
solution about the one-inch diameter circular cylinder. 
Spectra were obtained for flow Reynolds Numbers of 80,000, 
100,000, 120,000, and 140,000. The taped signals obtained 
from the sensor at an X-axis position of +1.5 X/DIAM and 
MiemEranisverse: positions of +2.0 Y/DIAM, +1.5 Y/DIAM, 
aoe DIAM. +0.875 Y/DIAM, and +0.75 Y/DIAM were band-pass 
miii@ened through six frequency bands, These frequency bands 
Temes Cys ls25 cps, 25-35 cps, 35-45 cps, 45-75 cps, and 
75-125 cps. The RMS value of each filtered signal was deter- 
mined for water and a range of polymer solution degradation 
S16 Ss 
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Pie keoeNTATION OF DATA 


A. EVALUATION OF EXPERIMENTAL ERRORS 

The accuracy of the entire experiment hinged upon the 
reliability of three measurements. These primary measure- 
ments were: (1) the stagnation pressure-static pressure 
fmetercentidl; (2) the D. C. voltage across the sensor and 
eeymence k.M.S. of the A. C. voltage across the sensor. 

The strip chart recorder on which the pressure dif- 
Peemetal was measured was read to +0.2 mm. The worst 
eegeercd Crror due to this reading was calculated to be 4%. 
However, when transforming this reading to actual velocity, 
mitemertor reduced to 24 due to the parabolic relationship 
between pressure and velocity. 

iveomenrconrsinvolved in the measurement of D. C. voltage 
across the sensor was estimated to be 2%. The error in 
measurement of the R.M.S. of the A. C. voltage across the 
sensor was estimated to be 5%. Combining these three errors, 
the maximum error in turbulence intensity was found to be 6%. 
imicemaximum error applies only to the center of the wake 
region. Outside the wake region, the R.M.S. readings were 
Milehmmere accurate, Manifesting an estimated error of 2%. 
eS Oe Moe ane etromewasesteduced to 0.5%. Outside the wake 
region, the total estimated error was 3%. 

(Miemmnaxamin error im the microscale of the turbulence 


measurements was found to be 15%. This relatively high error 
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possibility was generated by the necessity to square the 
tece voltage Signal twice. The addition of a second R.M.S. 
momeeaec, that 15, the R.M.S. of the differentiated sensor 


Signal, also increased the maximum error of this quantity. 


B. TURBULENCE INTENSITY OF TUNNEL UPSTREAM FLOW FIELD 

The turbulence intensity of the upstream flow field was 
measured at the location -3.5 X/DIAM, in front of the 
teoeaneh cylinder. A traverse of the flow field at this 
location yielded the turbulence intensity profile shown in 
Wam~eeene riglure 7 presents the profiles for five test section 
fomeogetties,. It is shown that the maximum intensities occurred 
Sietme Minimum velocity profile, and, generally, the intensity 
decreased as test section velocity increased. This was the 
case because the measured D. C. voltage was inversely propor- 
meee cto the fourth root of mean velocity. The R.M.S. 
Values of the A. C. voltage across the sensor were essentially 
constant at all five flow rates. 

The non-uniformity of the profiles was caused by the 
non-uniform D. C. voltage level across the sensor. The 
entrance region to the test section was greatly influenced 
by the three flow straighteners, previously described. A 
non-uniform D. C. level was measured because the flow field 
atta S Tec ciion Taco te lieanebie precess of being straightened. 
The flow field was found to be completely uniform (within 
experimental error) at a position of 0 X/DIAM. Thus, the 


profiles shown in Fig. 7 are the worst observed in the test 
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Section. the maximum turbulence intensity was found to be 
ieoce tie Minimum was found to be 0.9%, at the entrance. 
[eee Center of the test section, the turbulence intensity 


msetound to be 1.5%. 


eee eEASUREMENT OF TURBULENCE INTENSITY OF THE FLOW FIELD 

BEHIND ONE- INCH CYLINDER 

itesdata Obtained from the comprehensive investigation 
Of the turbulence intensity of the flow field behind the 
Seeomien cylinder is presented in Figs. 8 through 62. The 
turbulence intensity was measured at the location +1.0 X/DIAM 
emote oe X/ DIAM, for Reynolds Numbers of 80,000, 100,000, 
meee and 140,000. The turbulence intensity profiles 
were obtained for tap water and a range of degradations of 
eS WPPM polymer solution with particular emphasis on the PDR 
range of 20% to 0%. 

PhoUmesmo through 13 show the turbulence intensity 
profiles for tap water and 25 WPPM polymer solutions at 50% 
Poe PUR, 11% PDR, 7% PDR, 3% PDR, and 0% PDR, respective- 
iheeeaeeae Reynolds Number of 80,000. The intensity characteris- 
micceor etic polymer solution flow in the region outside the 
wake were found to be nearly identical to water flow turbulence 
intensity measurements. There was a small amount of suppres- 
sion of the turbulence in the region +1.5 Y/DIAM to +0.75 Y/DIAM, 
at this X-position of +1.0 X/DIAM. This suppression was 
greatest at a PDR of 50% and decreased to no suppression at a 


PDR of 0%. 
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A marked difference in turbulence intensity was observed 


Meade the wake at this Reynolds Number and X-coordinate of 
mio X/DIAM. At a PDR of 50%, the turbulence intensity was 
found to be 40% greater than that observed in water flow 
measurements. This increase of turbulence intensity inside 
the wake region progressively decreased with PDR. At 0% PDR, 
the difference had diminished to 10%. 

The turbulence intensity profiles of water and polymer 
solution at a Reynolds Number of 100,000 and an X-coordinate 
of +1.0 X/DIAM are presented in Figs. iamthiaoucme lo =.) the 
polymer solution profiles presented in these figures are for 
degradation states of 47% PDR, 14% PDR, 11% PDR, 7% PDR, 

3% PDR, and 0% PDR, eS pee tine Ly ms. Significant suppression 
of turbulence intensity was observed outside the wake region, 
diminishing to no suppression at 0% PDR. Maximum suppression 
occurred at a PDR of 14%. At this PDR and Reynolds Number, 
the turbulence intensity in the region close to the wake 
(+1.0 Y/DIAM to +0.75 Y/DIAM) was half as great as for water 
Flow. This indicated a reduction in the width of the wake. 
This reduction is further substantiated by the high-frequency 
velocity spike observations to be presented later. 

As observed at the lower Reynolds Number Ge are) Ute 
the turbulence intensity in the wake region was found to Bic 
greater for polymer solution than for water. The maximum 
difference was observed at 14% PDR. At this degradation state, 


the turbulence intensity was found to pemoOsmoareater LOT 
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meme resolution, The difference decreased with PDR. at 
ime onR. the polymer solution registered a 10% increase in 
mir putence intensity over that observed in water. 

PHiesturbullence intensity profiles for water and 
polymer solution at a Reynolds Number of 120,000 and an X- 
Beeeainace of +1.0 X/DIAM are presented in Figs. 20 through 
Peeeeeine polymer solution profiles presented in these figures 
are for degradation states of 45% PDR, 14% PDR, 103% PDR, 

Pome on. oc PDR, and 0% PDR, respectively. Extremely large 
Beductions in turbulence intensity were observed outside 

the wake region at this Reynolds Number, which indicated a 
Suppression of the wake. The maximum suppression of turbu- 
Me@eceniIntensity Outside the wake region occurred at a PDR 
Pie im the region of +1.25 Y/DIAM to +0.50 Y/DIAM, the 
Mimembence Intensity was diminished to 33% of the value 
observed in water flow. The difference progressively increased 
from that observed at 45% PDR to the maximum and anen decreased 
to that observed at 0% PDR. At 0% PDR, the turbulence intensity 
had attained 74% of the value observed with water flow. 

A great increase of turbulence intensity was observed 
in the wake at this Reynolds Number. At 45% PDR, the intensity 
inside the wake was 42% greater than that observed in water 
flow. A maximum was observed at a PDR of 14%. Metis saee ra — 
dation state, the increase was 180% at the center of the wake. 
The difference progressively diminished with PDR. Large dif- 
ferences were still observed at 3% PDR. At 0% PDR, the 


difference was 36%. 
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iMiemelirbulence untensity profiles for Water and polymer 
solution at a Reynolds Number of 140,000 and an X-coordinate 
er) +i.0 X/DIAM are presented in Figs. 26 through 31. The 
Poemer solution profiles presented in these figures are for 
degradation states of 43% PDR, 14% PDR, 10% PDR, 7% PDR, 
feovR, and 0% PDR, respectively. Again, extremely large 
reductions in turbulence intensity were observed outside 
the wake region. The maximum suppression was observed at a 
PDR of 7%. At this PDR, the turbulence intensity was 18% 
of that observed in water flow in the region +1.0 Y/DIAM 
feomees0 Y/DIAM, indicating a large suppression of the wake. 
The turbulence intensity in this region then progressively 
amereased with PDR. At 0% PDR, the turbulence intensity was 
Pizeet the value observed with water flow in this region. 
TtcemeunbInLenge intensities inside the wake region again 
iiemeasca In polymer solution flow. The maximum increase 
Meme pservyeda at 144 PDR. The increase was found to be 140% 
Sv ieeiat Observed in water flow at the center of the wake. 
The difference again diminished with PDR, with large differ- 
Mie eel beinereouSenved at 64 PDR: At Oc PDR, the differen- 
mormaededcereasea ©0 S55 at the center of the wake. 
Turbulence intensity profiles were also measured at the 
position +1.5 X/DIAM. Water data and polymer solution data 
are presented in the same manner as for previous profiles. 
Turbulence intensity profiles for water and polymer 
Sommelomeat an X-cCoordinate of +1.5 X/DIAM ph Reynolds 


Number of 80,000 are presented in Figs. 32 through 37. The 
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bouymer solution profiles in these figures were for degrada- 
miemsmstates Of 207 PDR, 147 PDR, 11% PDR, 6% PDR, 3% PDR, 
ogame PUR. respectively. The profiles display the same 
characteristics as those measured at +1.0 X/DIAM, namely, 
Paiminishing difference in turbulence intensity between water 
an@epolymer solution outside the wake region. Inside the wake 
meron tie turbulence intensity of water was found to 
@ecrease Significantly below that observed at the X-coordinate 
#1.0 X/DIAM. The turbulence intensity profile in the wake 
Wee polymer solution was found to be much closer to the water 
protile at the downstream location, +1.5 X/DIAM. The curves 
mecmeosentially the same, within experimental error, for this 
Reynolds Number, with the exception of the 20% PDR profile. 
Turbulence intensity profiles for water and polymer 
solution at an X-coordinate of +1.5 X/DIAM and a Reynolds 
Number of 100,000 are presented in Figs. 38 through 43. 
fimempokymer Solution profiles in these figures were for 
degradation states of 20% PDR, 14% PDR, 10% PDR, 6% PDR, 
Sa wheeand O02 PDR. respectively. The profiles display the 
peilewehatacteristics as those taken at +1.0 X/DIAM. A maxi- 
mum reduction of turbulence intensity outside the wake region 
eecurred at a PDR of 14%. Inside the wake region, however, 
the difference between water and polymer solution turbulence 
intensity was greatly diminished, reaching a maximum at 10% 
PDR, where the difference was 39% at the center of the wake. 
limpebence intensity protiles for water and polymer 


HuUtimeremanex-coordinate of +1.5 X/DIAM and a Reynolds 
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Number of 120,000 are presented in Figs. 44 through 49. The 
polymer solution profiles in these figures were for degrada- 
meetmetaves Of 195 PDR, 13% PDR, 10% PDR, 6% PDR, 3% PDR, 

and 0% PDR, respectively. <A very large reduction in turbulence 
intensity was observed throughout the region outside the 

wake. The greatest reduction was observed at a PDR of 10%, 
with very large reductions observed at all PDR's, with the 
Peeeeper1on Of the 0% PDR. 

At this downstream position, the difference between the 
intensities inside the wake was not as pronounced as those 
observed 0.5 DIAM closer to the cylinder. <A maximum differ- 
eitecmids Observed at 6% PDR, where the intensity with polymer 
was 139% of that observed with water at the center of the wake. 

Turbulence intensity profiles for water and polymer 
solution at an X-coordinate of +1.5 X/DIAM and a Reynolds 
Number ot 140,000 are presented in Figs. 50 through 55. The 
polwmier Solution profiles in these figures were for degrada- 
Puonmmstates Of 18% PDR, 124 PDR, 9% PDR, 6% PDR, 3% PDR, 
aaGmomr i TeSpectively. Very large reductions in turbulence 
intensity were observed throughout the upper portion of the 
puemmbontor tie polymer solution flow. The maximum reduction 
was observed at 3% PDR, where the turbulence intensity was 
found to be 20% of that observed in water flow at +0.50 
7 etieeat cis: Reynolds Number, very little difference in 
Tittle smwas Observed in the wake itself. At 6% PDR, the 
maximum difference was observed. The turbulence intensity of the 


polymer flow was 136% of the value obtained with water flow. 
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D. MEASUREMENT OF WAKE WIDTH 

The wake width, previously defined as the transverse 
position in the flow field at which high-frequency velocity 
Spikes are first observed, was obtained at +1.5 X/DIAM. 

This observation gave an indication of the macroscopic 
changes occurring in the flow field. 

The wake width for polymer solution flow was obtained 
for the Reynolds Numbers 80,000, 100,000, 120,000, and 
140,000. The value of wake width at eleven PDR's was obtained 
Monmecach Reynolds Number. The observations are shown in Fig. 
poweeihese observations provided a bird's-eye view of the 
PiieiecoecxXDeriment. It was found that at a Reynolds Number 
of 80,000, wake width decreased from 2.0 W/DIAM at 77% PDR 
to a minimum of 1.62 W/DIAM at° 22% PDR, representing al) TeetaliWUS = 
tion of 19%. At a Reynolds Number of 100,009, wake width was 
reduced from 2.0 W/DIAM at 77% PDR to 1.35 W/DIAM at 15% PDR, 
representing a decrease of 32%. At a Reynolds Number of 
120,000, wake width was reduced from 1.85 W/DIAM at 76% PDR 
poco W/DEAM at 14% PDR, for a reduction of 30%. The 
140,000 Reynolds Number run showed a reduction from 1.80 
W/DIAM at 76% PDR to 1.25 W/DIAM at 10% PDR, representing a 
imeducui1om of 350%. 

These data were somewhat more nebulous in nature than 
Hieomeoinolesnmeadineg Of a meter. The results were a Function 
of the observer's ability to determine the initiation of 
velocity spikes. Thus, no estimate of the error involved is 


possible. 
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Pee URcULENCE INTENSITY VS. REYNOLDS NUMBER 

The previously described measurements of turbulence 
intensity at +1.5 X/DIAM were rearranged to plot turbulence 
Mieensity versus Reynolds Number at a given position of 
eiewsochsoOr for water flow and a range of PDR's. These plots 
Bempresented in Figs. 57 through 62, for Y-coordinate sensor 
foeemerens Of +2.25 Y/DIAM, +2.0 Y/DIAM, +1.75 Y/DIAM, +1.25 
ny DIAM, +0.75 Y/DIAM, and +0.50 Y/DIAM, respectively. Each 
fpeoinme contains plots for water flow and for the four degrada- 
Mone states Of 20% PDR, 14% PDR, 6% PDR, and 3% PDR. 

Some interesting observations were made. At a given 
Reynolds Number and sensor position, the turbulence intensity 
was found to decrease as PDR decreased until a minimum was 
reached at a certain PDR. The turbulence intensity then 
increased and attained the value observed in water as PDR 
decreased to zero. It was further observed that as the 
Reynolds Number increased, the turbulence intensity. at. a 
given point and at a given PDR decreased. 

The turbulence intensity at a given point outside the 
wake could be interpreted as a measure of the influence of 
Verveetlow fluctuations at that distance from the wake. Thus, 
emerude measure of the diffusivity of disturbances in that 
media could be obtained. 

It was observed that as Reynolds Number increased, the 
diffusion of the signal generated in the wake decreased, for 
certain conditions of polymer solution flow. At the position 


+2.25 Y/DIAM, and a Reynolds Number of 80,000, the diffusion 
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Figure 58: TURBULENCE INTENSITY VS. REYNOLDS NUMBER AT 


X/DIAM = +1.5, Y/DIAM = +2.0; TAP WATER AND VARIOUS PDR's 
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Figure 60: TURBULENCE INTENSITY VS. REYNOLDS NUMBER AT 
X/DIAM = +1.5, Y/DIAM = +1.25; TAP WATER AND VARIOUS PDR's 
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in polymer solution of 20% PDR and 14% PDR was suppressed; 
that is, turbulence intensity had decreased. At 6% and 3% 
PDR's, however, the turbulence intensity had increased to 
the level observed in water flow. Ata Reynolds Number of 
100,000, however, both the 6% PDR and the 3% PDR turbulence 
intensities were greatly decreased. iccmancd +e atied.-a 
reduction of diffusion to that point in fier lowed Pell. 
due to the increased free stream velocity. Above this 
Reynolds Number, the diffusion characteristics did not 
change at this point. 

hee the points under consideration approached the wake, 
it was observed that diffusion from the wake to that point 
increased for a given Reynolds Number of 80,000 and 100,000. 
At a Reynolds Number of eZ OO OMmaneinc reas ce a0 aoe Pus On 
was first observed at a position +0.75 Y/DIAM. At a Reynolds 
Number of 140,000, no increase was observed for the PDR's 


under consideration. 


F, MICROSCALE OF TURBULENCE MEASUREMENTS 

The microscale of turbulence was measured at an X- 
coordinate of +1.5 X/DIAM. Results were @atained £or the 
Reynolds Number 80,000, 100,000, 120,000, and TOO, tote 
results are presented in Figs. 65 through 66, for these 
respective Reynolds Numbers. Each plot contains the measured 
microscale profile obtained with water flow, and four pro- 
files for polymer solution flow, with a range of degradation 


states from 74% PDR to 3% PDR. 


EZ 





In the region above +1.0 Y/DIAM, which was Guitbside tire 
wake, the following observations were made. Microscale of 
turbulence of the water flow maintained a relatively constant 
value of 0.07 feet, for all Reynolds Numbers. Polymer Ste JU Urs 
tion results were seen to vary with degradation state, but 
were also constant through the Reynolds Number range under 
study. It was found that maximum microscale was present at 
the highest PDR. The microscale progressively decreased 
with PDR, reached a minimum, and then increased as PDR 
approached zero. Minimum microscale was observed at a 
moderately high PDR of 34% to 38% throughout the Reynolds 
Number range, for the region outside Eicmvikea Generally. 
the microscale outside the wake of polymer solution flow 
was reduced to approximately 50% of that obtained with water 
flow. At high PDR, microscale was Foundeto be 0.045 feet. 

At moderate PDR, microscale was decreased to the minimum of 
0.03 feet. At 14% PDR, microscale had tmeweased to 0.04 Leet, 
and at a minimum PDR of 3%, microscale was found to increase 
further to approximately 0.045 feet. 

Inside the wake region, only a small difference in 
microscale was observed between polymer solution flow and 
water flow. The same general trend was preserved, however. 
Due to the high susceptibility of error ile stehseme col Ole 


little more can be said. 
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Freunre 64: MICROSCALE OF TURBULENCE PROFILES AT 
X/DIAM = +1.5; RE No = 100,000; TAP WATER AND VARIOUS PDR's 
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Figure 66: MICROSCALE OF TURBULENCE PROFILES AT 
X/DIAM = +1.5; RE No = 140,000; TAP WATER AND VARIOUS PDR's 
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G. FREQUENCY SPECTRUM MEASUREMENTS 

Prequency Spectra were obtained for five points in the 
ieowetield, at an X-coordinate of +1.5 X/DIAM, and the four 
Phemonas Numbers 80,000, 100,000, 120,000, and 140,000. 
iiemdatd are presented in Figs. 67 through 86. Each plot 
Mmesents the Spectra, at a point in the flow field and for 
a given Reynolds Number, for water flow and four degradation 
States of polymer solution flow. | 

The spectra obtained for the Reynolds Number 80,000 are 
ieesemecad in Figs. 67 through 71. The plots present spectra 
mm ecoordinates of +Z2.0 Y/DIAM, +1.5 Y/DIAM, +1.0 Y/DIAM, 
mies? os Y/DiIAM, and +0.75 Y/DIAM, respectively. At this 
Reynolds Number, a strong predominant frequency was observed 
at all points observed for water flow. This predominant 
frequency was the Strouhal frequency of vortex shedding. 

PEenoOLymeresolution £leow, the entire spectra exhibited 
RMS values much lower than those obtained in water flow. 
The predominant frequency was also suppressed as the PDR 
decreased. A maximum suppression was observed at a PDR 
Ceelocge sat all) five points. The predominant frequency ampli- 
tude then increased, and approached the RMS value obtained 
for water flow. As the points progressed toward the wake, 
the Strouhal frequency became more predominant, at all degra- 
dation states observed, at this Reynolds Number. 

The frequency spectra for water flow and polymer solution 
for a Reynolds Number of 100,000 at the five points under 


Observation are presented in Figs. 72 through 76. The spectra 
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Figure 68: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
Piheuce len DIAM = +1.5, Y/DIAM = +1.5; RE No = 80,000 
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Figure 70: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
Pomeesecad X/DTAM = +1,.5, Y/DIAM = +0.875; RE No = 80,000 
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FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
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Figure 72: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
PDEs 5) x7 DYAM = +125, Y/DIAM = +2.0; RE No = 100,000 
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obtained for polymer solution flow were for the degradation 
States 7/47 PDR, 37% PDR, 14% PDR, and 3% PDR. The water 

flow spectra exhibited the predominant Strouhal frequency at 
alt five points. The RMS of the Strouhal freuqency increased 
oee-tOld as the points progressed toward the center of the 
wake. 

The Strouhal frequency was suppressed considerably in 
polymer solution flow for all PDR's at +2.0 Y/DIAM and 
ieee Y/DIAM. At +1.0 Y/DIAM, the Strouhal frequency was 
evident at 37% PDR, but was greatly diminished at 14% and 3% 
PDR. At +0.875 Y/DIAM and +0.75 Y/DIAM, a suppressed 
predominant frequency was observed at the same frequency 
as the water flow. At this Reynolds Number, the entire spectra 
showed considerable suppression below the RMS values obtained 
with water flow. 

The frequency spectra for water flow and polymer solution 
miewetor a Reymolads Number of 120,000 at the five points under 
Sesctvatlon dre presented in Figs. 77 through 81. The spectra 
obtained for polymer solution flow were for the degradation 
Peres /2o0hURewoo>. PUR, 143 PDR, and 3% PDR. The water 
spectra again exhibited a strong Strouhal frequency at all 
ce Od Mt Sic 

The spectra in the polymer solution flow showed several 
SimaeteriotiGoenot previously observed. At the low PDR's, 
no predominant frequency was distinguishable at +2.0 Y/DIAM, 
eo /PIAteeand +150 )Y/DIAM. At all five points, the skew- 


ness of the spectra curves was shifted to higher frequencies 


ee 





eomcne POR decreased. Maximum Suppression was observed at 
a PDR of 3%. 

iitewtrequeney spectra £or water flow and polymer solution 
flow for a Reynolds Number of 140,000 at the five points 
under observation are presented in Figs. 82 through 86. 
The spectra obtained for polymer solution flow were for 
degradation states of 66%, 34%, 14%, and 3% PDR's. The 
Maber Spectra exhibited a Strouhal frequency at all five 
poants. the polymer solution spectra was suppressed with 
@eeredsing PUR, at all five points. The spectra also shifted 
momilehier Lrequencies with decreasing PDR. A maximum sup- 
pression was observed at 3% PDR, and HoetinNUnestihic tO mit eher 


frequencies was also observed at 3% PDR. 
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Figure 78: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
Pre ce ee Deere S YY /VIAM = +1.5; RE No = 120,000 


152 





ate 


i 


Soe 
t 


aie 


qdQ. 00 qi. 


OO 


ae 


amos. xt 


PaO C79: 


"4 
4 
& 3 


+-bATER 
Dale ee a 
Sill = 5 Be 
*-1d7 


Se aha 





Zalule 4.00 6. 00 q. 00 Ld. 


FREQUENSY’, CRS rane 


FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 


Pc ee DAME ioe y/DIAM = +1.0; RE No = 120,000 


ES 5 





Signer 


Bee 


x04 


BM Se 
nie 


f 


leche 





| 
Posteo. 1h a 


Figure 80: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
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Figure 81: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
PDR's AT X/DIAM = +1.5, Y/DIAM = +0.75; RE No = 120,000 
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Figure 83: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
PDR's AT X/DIAM = +1.5, Y/DIAM = +1.5; RE No = 140,000 
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Figure 85: FREQUENCY SPECTRUM FOR TAP WATER AND VARIOUS 
PDR's AT X/DIAM = +1.5, Y/DIAM = +0.875; RE No = 140,000 
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(Mw otoGUoolON OF RESULTS 


A. TURBULENCE INTENSITY MEASUREMENTS 

PECimeicmddtampnesenecd im this Section, it was observed 
that the wake width was invariably decreased as the PDR of 
the polymer solution decreased for all Reynolds Numbers 
@eeted, The extent of the reduction was a function of Reynolds 
Number and PDR. Maximum reduction of wake width occurred 
me cry bow PDR's, These observations suggested a decrease 
mietorm drag Since the area of the low-pressure wake region 
mimecoitact with tne cylinder surface is directly proportional 
Mimic tormedrag., The results agreed favorably with the 
findings of Sarpkaya and Rainey [Ref. 2] and those of Kell 
[Ref. 3]. Figunme soo, which mrecenead Wake Width versus PDR, 
Peaomecomparcd With the drag coefficient versus PDR obtained 
auomethe work of heir experiments. The characteristics 
were found to be the same. 

Measurements suggested a gradual change of wake width 
feet POR sand alll Reynolds Numbers. <A "drag crisis" 
PoMlewaemOotnonserved im this experiment. Since previous 
experimenters concerned themselves with surface measurements 
only, and the present investigation was conducted purely 
Peeelc Smite wore tie test Specimen, this difference was 
me eonctlede lt was found that the turbulence intensity 
measurements in the wake were much more violent at the loca- 


fione+l. 0 X/DIAM than those obtained at +1.5 X/DIAM. This 
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observation suggested a rapid decay of turbulent violence 
Pemene flow progressed in the longitudinal direction behind 
mmemevylinder. thus, 1t was reasonable to suspect that the 
action on the cylinder surface itself was somewhat different 
sO . 

ine measurements also point to a reduction of disturbance 
diffusion rate in polymer solution flow. The reduction was 


found to be dependent upon degradation and Reynolds Number. 


bee MICROSCALE MEASUREMENTS 

iieedataspresceiced Im tis Section suggested smaller 
dissipative eddies in polymer solution flow than in water 
Mme ine size or the dissipative eddies was found to be 
fependent primarily upon PDR, with fluctuations also present 


im the transverse direction. 


teen EQUENCY SPECTRUM MEASUREMENTS 

icredctcemmlmeise scet1on agreed favorably with the 
fineines Of Kell) [Ref. 3], who also found a suppression 
Dicom Mb oMintdee Pphessure frequency spectra in polymer 
Solution flow. The phenomenon was attributed to an meneHSe. 
PMeeoluGmiaetonmeor tae VOrtices. Ihe results of this investi- 
gation also suggested an increase in circulation in the wake 
Pomme stom iinen large ianerease in turbulent violence 
Oeserved there. 

The spectrum measurements made outside the wake again 
Polmecdstomaereduction Of the diffusivity of disturbances. 


This observation was substantiated by the increased suppression 
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Of a distinguishable predominant frequency, as the distance 
meee tle Center Of the wake increased. The trend of the 
reduction was found to be dependent upon PDR and the trans- 
Werse distance from the center of the wake. These observa- 
tions agree with the results of Gadd [Ref. 23] who found that 
Polyox solution reduced the mixing of dye streaks, as com- 
pared to water. His results applied to internal flow, how- 
ever, and the correlation between internal and external flows 


mempelymer Seluitron has not yet been adequately determined. 


Dee DISCUSSION OF FLOW MECHANISMS 

The data presented in this investigation suggested three 
Mmmases Of Solution degradation, the characteristics of 
fimeneaetenmamea the characteristics of the flow field. At 
high PDR, the polymer solution contained a Statistically 
meeliepereentage of very long, high-molecular weight molecules. 
Because of the intertwining capabilities at this high PDR, 
Drew PrusSmOomnNOL G21Sturbances was not greatly inhibited, 
Since the solution could possibly contain a network of 
entangled particles, via which diffusion was accomplished. 
Thas hypothesis agreed with the "Entanglement Hypothesis" 
proposed by Kewalski [Reft. 4]. However, as the shearing 
action of the recirculating pump tore the high-molecular 
Tomniemolecitlesmapart, the PDR decreased. When the mole- 
cules had reached a certain size, entanglement was inhibited. 
The molecules then uncoiled and aligned themselves in the 


mirccetonesOtesnear. a5 the flow progressed about the cylinder. 
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inaseiypothesis regarding a preferred molecular orientation 
was expounded upon by Patterson [Ref. 5]. The molecule in 
mies OLlentation eftectively retarded the diffusion of 
disturbances toward the outer regions of the flow. The 

amount of retardation could be characterized by a shear wave 
Speed, as suggested by Sarpkaya and Rainey [Ref. 2]. The 
mrraeor this experiment suggested that the propagation of 
disturbances was greatly inhibited at Reynolds Numbers above 
100,000. This suggested that the shear wave speed was over- 
powered by the flow speed, and disturbances were swept down- 
meneadmeberore the errect could be observed at a given point. 
iiGmpreterrcamertentation thus provided an effective barrier 
to the transfer of momentum normal to the flow direction. 

The flow field swept past the cylinder at these higher Reynolds 
Numbers and violently discharged the stored energy of the 
Bolymer molecules in the near wake of the flow field. The 
eve MywpOuIesisewas JuStitzed by the great increase of 
turbulence intensity measured in the core of the near wake 

at low PDR's above the Reynolds Number 100,000. This phenome- 
non caused a reduction in wake width. It was feasible to 
oie melee reyes toned by the molecules could also be 
discharged into the flow as the separation point was reached 
Cieene wslGidce wor the evylinder since it represents a point 

of change in the preferred orientation of the molecule. The 
combined sweeping action of the flow field and the possibility 
Pmanetntenemanee Or energy as the flow approached the sepa- 


ZaProOMmemoOlMmemecontri buted to the reductions observed. 
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As the polymer solution degraded further, the molecules 
became less capable of any retarding Strat Miewelanhacuc c= 
istics of the flow then approached those observed in water 
as the PDR approached zero. 

The above mechanisms were offered to explain the etfects 


observed. 
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V. CONCLUSIONS 


The results obtained from the phases of this investigation 
warrant the following conclusions: 

1. The turbulence intensity in the wake flow of dilute 
polymer solution is altered significantly in the transition 
Reynolds Number range. Turbulence intensity OUESIde the 
wake progressively decreases, reaches a minimum, and then 
increases, as the PDR decreases to zero. Concurrently, et oil 
lence intensity in the wake core progressively increases, 
reaches a maximum, and then decreases with decreasing PDR. 

The amount of change is dependent upon the degradation state 
of the solution and upon the Reynolds Number. 

2. The width of the near ae is reduced below the 
value observed for water flow for the Reynolds Numbers tested. 
The extent of the reduction is dependent upon degradation 
and Reynolds Number. 

3. There is a general suppression of the frequency 
spectrum observed at points in the wake aicwoutsiae: tine 
wake for polymer solution flows at the X-coordinate +1.5 X/DIAM. 
The amount of suppression is dependent upon the Reynolds 
Number, the degradation state, and the distance fom ene 
Senter Of the, wake. 

4. In the wake of polymer solution flow about a circular 
cylinder, there is a change in frequency distribution sabove 


a certain Reynolds Number. The frequency spectra acQiiercard 
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skewness toward higher frequencies. This effect is dependent 
upon Reynolds Number, degradation state, and distance from 
the center of the wake. 

5. The microscale of turbulence in the region outside 
the wake of polymer solution flow about a circular cylinder 
is reduced below the value obtained in water flow. iine 


reduction is primarily dependent upon degradation state. 
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